This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. this compound is found to be mediated by a caspase-dependent apoptosis. Also, there were indications of caspase independent apoptosis as z-VAD-FMK failed to fully rescue the cells from 5'-Cl-induced apoptosis. In addition, the compound triggered generation of Reactive Oxygen Species (ROS), caused depolarization of the mitochondrial inner membrane, decreased the level of cellular ATP, modulated the expression and phosphorylation of Bcl-2 leading to loss of its association with Bax and increased the release of cytochrome c to the cytosol of treated
Introduction
Acute myeloid leukemia (AML) is hematopoietic malignancy characterized by uncontrolled proliferation and accumulation of myeloblasts in the bone marrow, blood, and other organs [1, 2] . AML is the most common type of acute leukemia in adults and its prognosis vary, depending on age and the stage of the disease [3] . Patients typically respond to initial treatment with anthracycline and cytarabine-based chemotherapy [3] . However, the response to chemotherapy is poor or short-lived, and the therapeutic options are limited in elderly relapsed patients. The inadequacy of conventional therapy for AML has fueled extensive efforts to seek novel and more potent drugs to improve treatment outcomes.
The bis-indole-containing alkaloids indigo, indirubin and isoindigo, have been employed in treating myeloid leukemia. Indirubins and meisoindigo (1-methyl isoindigo) were used for treatment of chronic myelogenous leukemia (CML) [4] . However the clinical application of these drugs in treating leukemia is opposed by their potential severe side effects, poor water solubility, bone marrow suppression and drug-resistance in prolonged treatments [4] . Similarly, the isoindigo Natura ™ was synthesized which showed antiproliferative activities that are only slightly better than those of meisoindigo in different cancer cell lines [5] . Like meisoindigo, Natura ™ induced [5] . However, Natura ™ is almost completely insoluble in water which hinders its applications in chemotherapy.
Extensive efforts have recently been directed to synthesize novel indirubins and isoindigos with increased bioavailability and bioactivity. Several of these compounds have of potency [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Recently, a novel 7-azaisoindigo derivative [namely N(1)-(n-butyl)-7-azaisoindigo] has been shown to trigger apoptosis through reactive oxygen species (ROS) and deregulation of the mitochondrial functions [14] . In spite of the extensive studies aimed towards understanding the mode of action of these isoindigos in malignancies, there are gaps in our understanding of their cellular targets. In addition, the limited water solubility of these compounds hinders the detailed characterization of their antiproliferative signaling pathways.
Successful chemotherapeutics are able to trigger selective death of cancer cells through apoptosis [15] . Anticancer drugs can induce the extrinsic (receptor-mediated) pathway which involves ligation of death receptors, resulting in recruitment and activation of caspase-8 [15] . Alternatively, these drugs may stimulate the intrinsic (mitochondria-dependent) pathway of apoptosis which is evoked by the release of mitochondrial apoptogenic factors such as cytochrome c to the cytosol allowing activation of caspase-9 [16, 17] . Following activation of the initiator caspase-8 or caspase-9, the two pathways converge on the activation of terminal
In line with studies aiming to synthesize more soluble and effective anticancer isoindigo derivatives, we recently reported the synthesis of a novel series of pyridone-annelated isoindigo and evaluated their cytotoxic activities against various cancer cell lines [18] . Our E)- [1] [2] [3] [4] [5] 3, 6, quinoline-8-carboxylic acid] (known here as 5'-Cl, Figure 1A ) which strongly inhibits the growth of human hematological and solid tumor Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry selectivity as antitumor agent [18] . Our more recent work shows that 5'-Cl can also inhibit the proliferation of HL-60 (human acute myelogenous leukemia) cells through arresting
In this report, we demonstrate that 5'-Cl induces a caspase-dependent and caspaseindependent apoptosis in HL-60 cells. In addition, 5'-Cl triggers depolarization of mitochondria in these cells and elicit production of ROS. Furthermore, the compound suppresses the expression of antiapoptotic protein Bcl-2 and promotes its hyperphosphorylation leading to loss of functional association with the proapoptotic factor Bax, and subsequent release of cytochrome c from mitochondria to the cytoplasm.
Materials and Methods

Reagents
The pyridone-annelated isoindigo 5'-Cl compound [[(E)-1-(5'-Chloro-2'-oxoindolin-3'-ylidene)-6-ethyl-2,3,6,9-tetrahydro-2,9-dioxo-1H-pyrrolo [3,2-f] 
Cell culture conditions
The human acute promyelocytic leukemia HL-60 cell line (ATCC ® CCL-240 ™ ) was maintained in RPMI-C in a 5% CO 2 density according to each experimental design.
Cell viability assay
The quantitative determination of viable cells after various treatments was performed by using the (IC 50 ), compared to untreated control, was determined from the sigmoidal curve obtained by plotting the percentages of cell viability relative to the control versus logarithmic concentration of test compound using non-linear regression increase in the absorbance at 405 nm which corresponds to the amount of p-nitroaniline (pNA) liberated from the peptide substrates was converted into units of enzyme activity using a standard curve generated with free pNA. One unit of caspase activity correspond to the amount of enzyme that will release 1 pmol of pNA from 0.2 mM of the different substrates per min. Lysates from HL-60 cells treated with 0.01 and 0.02 µM cytarabine were also used in these experiments as positive controls to validate the enzymatic assays. 
Results
5'-Cl inhibits the proliferation of HL-60 cells
To test the effect of 5'-Cl (Fig. 1A) on proliferation of an AML cell line, HL-60 cells were treated with increasing concentrations of the compound and analyzed for cell viability (Fig.  1B) . Compared to the control group, the viability of the treated cells decreased from 84.70 , data not shown), suggesting that most of its antiproliferative activity is mediated by apoptosis. As an evidence of late apoptosis events, 5'-Cl was found to trigger PARP cleavage (Fig. 2C) and condensation of the chromatin indicate that the 5'-Cl-induced cell death in HL-60 cells is primarily through apoptosis.
Role of caspases in 5'-Cl-induced apoptosis
To further characterize the 5'-Cl-triggered apoptosis in HL-60 cells, we examined its effect on activation of caspases. 5'-Cl was found to trigger a dose-dependent increase in the were demonstrated by the decrease in the levels of procaspases and the appearance of their corresponding cleaved products, while caspase-3 and -6 by the increase in the small subunits of the active enzymes (Fig. 3B) . The processing of caspases coincided with their enzymatic activity and increased after exposing the cells to 5'-Cl in a dose-dependent manner.
To examine if 5'-Cl-induced apoptosis in HL-60 cells is completely dependent on show additional apoptosis recovery effects (data not shown). These results indicate that 5'-Cl-induced apoptosis, at least in part, is dependent on caspase activation. 
Cellular Physiology and Biochemistry
To determine whether the generation of ROS contributes to 5'-Cl-induced cell death, we evaluated the mitochondrial membrane potential and apoptosis in HL-60 cells treated with the ROS scavengers prior to addition of the compound. In contrast to cells treated with 5'-Cl (Fig. 5C ). On the other hand, the same combination of inhibitors showed in apoptosis, respectively, compared to cells treated with 5'-Cl alone.
Our immunoblotting results showed that exposure of HL-60 to 5'-Cl decreased the expression levels of the antiapoptotic protein Bcl-2 in a dose-dependent manner (Fig. 6A) . 
Cellular Physiology and Biochemistry of untreated control after exposure to 8.0 µM of the compound, (Fig. 6B ). In addition, serial electrophoretic analyses of Bcl-2 in HL-60 cells treated with 4.0 µM 5'-Cl clearly showed of the proapoptotic proteins Bax and Bak and antiapoptotic Bcl-X L were not changed in the same experiments (Fig. 5A) . Furthermore, our results indicate that the decreased level of Bcl-2 protein in 5'-Cl-treated cells is due to the effect of the compound on gene expression rather than its post-translational degradation. Semiquantitative analysis of mRNA by RT-PCR from cells treated with 5'-Cl showed that the relative expression level of Bcl-2 was suppressed by 
Interestingly, our Western blots showed that treating HL-60 cells with 5'-Cl caused an increase in the levels of Bcl-2 phosphorylation. Clearly, two-bands of phosho-Bcl-2 were evident after exposing the cells to 2.0 µM, and three-bands of the protein were visible after incubation with 8.0 µM of 5'-Cl (Fig. 6A) . We further questioned whether 5'-Cl-induced hyperphosphorylation of Bcl-2 would affect its association with Bax. As shown in Fig. 6E , the level of Bcl-2 co-immunoprecipitated with Bax from 5'-Cl-treated cells was distinctly Bax is highly dependent on the dose of 5'-Cl, coincided with same concentration-dependent hyperphosphorylation of Bcl-2 shown in Fig. 6A . The reciprocal immunoprecipitation experiment, using an anti-Bcl-2 antibody, also showed a substantial concentration-dependent reduction in the level of the co-immunoprecipitated Bax in 5'-Cl-treated cells, compared to the immunocomplex from untreated cells (data not shown).
We further investigated the ability of 5'-Cl to trigger the release of cytochrome c from the mitochondria into the cytosol of HL-60 cells. Cytosolic cytochrome c was increased by the levels of cytochrome c that remained in the mitochondria was observed to decrease difference in the level of cytosolic cytochrome c was apparent after exposing the cells to 1.0 µM to 8.0 µM and from 4 to 24 h after incubating with 4.0 µM of 5'-Cl. The release of cytochrome c results coincide with the demonstrated 5'-Cl dose and time-dependency disturbances of mitochondria and induction of apoptosis.
Discussion
Cell death may occur by many ways such as necrosis, autophagy, mitotic catastrophe, senescence and apoptosis [22] . For 5'-Cl-induced cell death, apoptosis seems to be the 60 cells showed the morphological aspects associated with early and late apoptotic events. Second, 5'-Cl induced activation of the initiator and terminal caspases that typically mediate and execute apoptotic cell death. Third, 5'-Cl caused condensation and fragmentation of m ) and evoked the release of cytochrome c into the cytoplasm in a dose and time-dependent manner, a characteristic for numerous stimuli that cause apoptosis via the mitochondrial pathway [15, 23] .
Since the activity of the Bcl-2 family proteins can be affected in cancer cells or modulated upon exposure to chemotherapeutic drugs, we have investigated the contribution Proapoptotic proteins of the BH3 group, Bax and Bak, inhibit the antiapoptotic activity of BH4 group proteins, Bcl-2 and Bcl-X L , by forming heterodimers and exhibit proapoptotic x L stimulates Bax and Bak to form channels in the outer mitochondria membrane allowing cytochrome c to escape into the cytosol to stimulate the Apaf-1-caspase-9 apoptosome, leading to activation of caspase-3 [23] . We found that treatment of HL-60 cells with 5'-Cl resulted in a substantial decrease in the expression of Bcl-2 protein and mRNA, while the levels of Bax, Bak and Bcl-xL were not affected. In addition, the compound also induced hyperphosphorylation of Bcl-2 and, subsequently, loss of its functional association with Bax as demonstrated by co-immunoprecipitation assays. These results may be responsible depletion (data not shown), suggesting that the 5'-Cl-induced dysfunctioning of the mitochondria is independent from caspase activation. Our results show that 5'-Cl is able to inactivate Bcl-2 in HL-60 cells via mechanisms that include transcription control and hyperphosphorylation. Several mechanisms have been shown to inactivate Bcl-2. Activated caspases can cleave and inactivate . The control of Bcl-2 protein levels may also occur through ubiquitination-dependent degradation by proteasomes, which is governed by its phosphorylation status [27] . Although the 5'-Cl-dependent caspase-cleavage or proteasomal degradation of Bcl-2 cannot be ruled 
